arXiv: 1508.0093lvl [astro-ph.EP] 4 Aug 2015 


Draft version August 6, 2015 

Preprint typeset using ETpX style emulateapj v. 5/2/11 


THE SOLAR SYSTEM AS AN EXOPLANETARY SYSTEM 
Rebecca G. Martin 1 and Mario Livio 2 

'Department of Physics and Astronomy, University of Nevada, Las Vegas, 4505 South Maryland Parkway, Las Vegas, NV 89154, USA and 
2 Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218, USA 
Draft version August 6, 2015 

ABSTRACT 

With the availability of considerably more data, we revisit the question of how special our Solar System 
is, compared to observed exoplanetary systems. To this goal, we employ a mathematical transformation that 
allows for a meaningful, statistical comparison. We find that the masses and densities of the giant planets in 
our Solar System are very typical, as is the age of the Solar System. While the orbital location of Jupiter is 
somewhat of an outlier, this is most likely due to strong selection effects towards short-period planets. The 
eccentricities of the planets in our Solar System are relatively small compared to those in observed exosolar 
systems, but still consistent with the expectations for an 8-planet system (and could, in addition, reflect a 
selection bias towards high-eccentricity planets). The two characteristics of the Solar System that we find to be 
most special are the lack of super-Earths with orbital periods of days to months and the general lack of planets 
inside of the orbital radius of Mercury. Overall, we conclude that in terms of its broad characteristics our Solar 
System is not expected to be extremely rare, allowing for a level of optimism in the search for extrasolar life. 
Subject headings: planetary systems - planets and satellites: formation - protoplanetary disks 


1. INTRODUCTION 


The discovery of thousands of extrasolar plan- 
ets and pla net _ can didates i n rece nt years (see , e.g. . 


Wright et alJ 201lt Batalha 20141 lRoweetal.1 

2014 

Lissauer, Dawson & Tremaine 120141 Han et al. 

2014 


and references therein and see exoplanet.org for a complete 
list), coupled with the rapidly increasing interest in the 
potential existence of extrasolar life, raise again in a big 
way the question of whether or not our Solar System is 
special in any sense. More specifically, we are interested in 
understanding whether the planetary and orbital properties in 
our Solar System are typical or extremely unusual compared 
to those of extrasolar planets. 

The Solar System contains eight planets and two main belts 
(the asteroid belt and the Kuiper belt). While tens of debris 
disks and warm dust belts (similar perhaps to the Solar Sys¬ 
tem’s asteroid belt) have been observed and resolved, belts 
with dust masses as low as those in the Solar System would 
currently be undetectab le in extrasolar systems (e.g. IWvatd 
120081 [Panic et al.ll20l 3l) . Consequently, we can quantitatively 
assess in detail how special the Solar System is, only on the 
basis of its planetary components and properties such as its 
age and metallicity. However, there are now hundreds of un¬ 
resolved debris disk candidates (e.g. IChen et all 120141) . Of 
these, about two thirds of the systems are better modelled by 
a two component dust disk rather than a single dust disk. The 
two t emperatu re comp onents likely arise from two separate 
belts dKennedv & Wvat3l2014l) . Thus, the two belt configura¬ 
tion of our own Solar System is plausibly fairly typical. 

iBeer et all (120041) made an initial attempt to explore to 
what extent Jupiter’s periastron could be considered atypi¬ 
cal compared to those of the giant planets known at the time. 
Their analysis, however, included only fewer than 100 exo¬ 
planets, most of which had been detected via radial veloc¬ 
ity measurements. Consequently, selection effects dominated 
their conclusions—a possibility fully acknowledged by the 
authors. In the present work we re-examine the question of 
how special the Solar System is. In Section[2]we use the much 


larger currently available database to consider the planetary 
orbital parameters. We identify the semi-major axis of the 
innermost planet as the most discrepant characteristic of the 
solar system and the low mean eccentricity as being somewhat 
special. In Section [3] we compare the masses and densities of 
the planets in our Solar System with those in exosolar sys¬ 
tems. While the lack of a super-Earth in the Solar System is 
somewhat unusual, we argue that none of the characteristics 
identified make the Solar System very special. We discuss po¬ 
tential implications of our results in Section 4. Some of the 
apparent differences between the Solar System and exoplane¬ 
tary systems continue to be driven by strong selection effects 
that affect the sample. We draw our conclusions in Section 5. 


2. PLANETARY ORBITAL PROPERTIES 


We first consider the statistical distribution of orbital sep¬ 
aration and eccentricity of the observed planetary orbits. To 
allow for a mo re meaningful quantitative analysis, we perform 
a iBox & Cox ( 1964 1) transformation on the data. This trans¬ 
formation makes the data closer to a normal distribution so 
that we can more accurately evaluate properties such as the 
mean and the standard deviation. The transformation takes a 
skewed data set to approximate normality. It is based on the 
geometric mean of the measurements and is independent of 
measurement units. It is possib le to do a multivariate Box- 
Cox transformation (e.g. lVelillallT993l) . However, because of 
the selection effects associated with different parameters we 
choose to consider each parameter separately. 

We transform the data with the function 


yx(a) = 


if A * 0 
log a if A = 0, 


( 1 ) 


where a is the parameter we are examining, such as the semi¬ 
major axis or eccentricity, and A is a constant that depends 
upon the original distribution, that we discuss below. The 
maximum likelihood estimator of the mean of the transformed 
data is 
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where y^ — y,i(cii) and a, is the 7-th measurement of a to¬ 
tal of n. Similarly, the maximum likelihood estimator of the 
variance of the transformed data is 


2 v O/'U ~ y>0 1 

S ^L — 

i= 1 


(3) 


We choose A such that we maximise the log likelihood func¬ 
tion 


K*) = ~log(27r) - ^ 
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n 

log s 2 + (d - 1) ^ log a,. 
1=1 


(4) 


This new distribution, y.\{a), will be an exact normal distribu¬ 
tion if A - 0 or 1/4 is an even integer. 

We can measure how well the transformed distribution 
compares to a normal distribution with two parameters. The 
skewness is 


S = V - 

2_j n 

l— 1 


1 (yAj-y^ 3 


(5) 


where cr is the standard deviation of the distribution and thus 
we take cr = sj. The skewness measures the asymmetry of the 
distribution, a positive number implying the right hand tail of 
the distribution is longer, and a negative number that the left 
hand tail is longer. Furthermore, we can compare the kurtosis. 
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This is a measure of the “peakedness” of the distribution and 
the heaviness of the tails. A normal distribution has a kurto¬ 
sis value of zero. A positive value means that the distribution 
is tightly peaked but the tails are broad, and vice versa for a 
negative value. In the following subsections we take the sam¬ 
ples of the eccentricity and semi-major axis of the observed 
exoplanets and compare them to the planets in our own Solar 
System. 


2.1. Eccentricity 

There are a total of 539 exoplanets with a measured eccen¬ 
tricity. In the left hand panel of Fig. |T| we show the eccen¬ 
tricity distribution for this sample. We find the maximum 
of the log likelihood function to be when A - 0.30. The 
right hand panel of Fig. |T| shows the histogram of the Box- 
Cox transformed data. For our data, we find the skewness 
to be S = -0.065. For a normal distribution we expect the 
magnitude of the skewness to be up to y/6/n = 0.11. Thus 
the data are not heavily skewed. The kurtosis is K — -0.53 
whereas for a normal distribution we would expect the magni¬ 
tude to have values up to sjlA/n = 0.21. Thus, the data have 
a slightly large kurtosis, or the distribution is not so tightly 
peaked as a normal one. For the transformed data, the mean 
is -1.42 and the standard deviation is 0.60. Jupiter lies at 
-0.97cr from the mean. Similarly the Earth lies at -1.60cr. 
Thus, the eccentricities of the planets in our Solar System 
(that range from Venus at e — 0.0068 to Mercury at e - 0.21) 
are all relatively small compared to those of exoplanets, but 
not altogeth er significantly diffe r ent. 

Recently iLimbach & Turner! (120141) considered how the 
mean eccentricity of planets in a system is correlated with 
the number of planets in the system. They found a strong 
anti-correlation of eccentricity with multiplicity in systems 
observed by radial velocity. An extrapolation of their relation 


up to 8 planets fits well with the mean ecce ntri city obse rved in 
the Solar System. Furthermore. lVan Evlen & Albrechtl (l2015h 
used the Kepler exoplanets with asteroseismically determined 
stellar mean densities to derive a rather low eccentricity dis¬ 
tribution of the multi-planet Kepler systems. Thus, while the 
eccentricities in our Solar System are low, those may be ex¬ 
pected in a system with so many planets. 

There is some bias in the exoplanet eccentricity data. 
For the RV planets, the best fit eccentricity is biased up¬ 
wards from the true value leading to a reduced num ber of 
systems w ith a low eccentricity (e. g. iShen & Turner! 2008 ; 
Hogg, Mvers & Bow 120101 iZakamska. Pan & Ford! 2011 : 
Moorhead et alJ 1201 1 ). However, the detection efficiency 
decreases only mildly with increasing eccentricity because 
despite being more difficult to detect, they have a larger 
RV am plitude for_a fixed planet mass and semi-major axis 
(IShen & Turner! [20081 . While planets found with the tran¬ 
sit method require follow up observations (for example, with 
RV) to determine the eccentricity, the distribution of ecce n¬ 
t riciti es is consistent with those of the RV planets dKane et al.l 
120121) . Without the bias, the eccentricities of the planets in 
our Solar System would appear to be less special. 

2.2. Semi-Major Axis 

To date, there are a total of 1580 planets with a determined 
semi-major axis. This increases up to a total of 5289 if we in¬ 
clude planet candidates from Kepler. The false positive rate of 
the Kepler exoplanets is low, especially for multi planet sys¬ 
tems and the non-giant planets (e.g. iDesert et al.l 120151) and 
thus we consider this much larger dataset also. We find the 
maximum of the log likelihood function to be when A = -0.29 
(A = -0.20, including planet candidates). Fig. [2] shows the 
histogram of the Box-Cox transformed data. The left hand 
panel includes only confirmed exoplanets. For this data, we 
find the skewness to be S = 0.11. This is only slightly higher 
than the upper value expected for a normal distribution of 
V6 In = 0.062. We find the kurtosis to be K — -0.48 whereas 
for a normal distribution we would expect magnitudes smaller 
than \j2A/n = 0.12. Thus, the data have a large kurtosis. For 
the transformed data, the mean is -2.77 and the standard devi¬ 
ation is 2.16. Thus, Jupiter lies at 1.9cr. The right hand panel 
of Fig.|2]repeats this analysis but includes unconfirmed Kepler 
planets. The skewness for this is small at S - 0.022 (expected 
magnitude less than 0.034) and the kurtosis is much smaller 
also, K = -0.18 (expected magnitude less than 0.067). Jupiter 
lies at 2.4cr, suggesting on the face of it that Jupiter is rather 
special. However, as we explain below, this is most likely a 
result of selection effects. 

The majority of the planets in this distribution have been 
found by transit methods. The planet with the largest 
semi-major axis found by this method is_only at 0.996 AU 
(the planet is KIC 11442793 h, ICabrera et al.l 120141) . Ke¬ 
pler, is thought to be complete only for planets at least 
as l arge as the Earth and fo r orbital periods up to a year 
(e.g I Winn & Fabrvckvl 120141) . Microlensing surveys prefer¬ 
entially find planets at radial distances of a few AU from 
their host star, that is o ften an M dwarf (e.g iGould et~aT] 
120101 iCassan et al.ll2012h . This scale is dictated by the size 
of the Einstein ring radius around the lensing star. The ra¬ 
dial velocity method has found planets in the range 0.01 to 
5.83 AU (e.g. iBonfils et all 120131) . Dire ct imaging ca n de- 
t ect p lan ets at muc h larger distances (e. g.lMarois et al. 120081 

lLafreniere. Javawardhana & van Kerkwiikll20ld) . but so far 
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Fig. 1.— Left: Eccentricity distribution for all observed exoplanets with a measured orbital eccentricity. Right: Box-Cox transformed distribution of exoplanet 
eccentricities. The total number of exoplanets is 539. 


only 8 planets have been detected by the method. 

In order to test the possibility that Jupiter’s outlier status is 
largely due to selection effects, we repeated the analysis but 
removed planets found by the transit method. There remain 
473 planets in the sample. We find the maximum of the log 
likelihood function to be when A - 0.11. Fig. [3] shows the 
histogram of the transformed data. For our data, we find the 
skewness to be S = 0.015. This is less than the value expected 
for a normal distribution of V6/« =0.11. For our data we find 
a high kurtosis of K - 0.71 whereas for a normal distribution 
we would expect values with magnitude less than y/24/n - 
0.23. For the transformed data, the mean is -0.22 and the 
standard deviation is 1.41. Thus, Jupiter lies at 1.44cr and 
continues to be somewhat of an outlier, but the trend suggests 
that this is most likely still due to selection effects. The fact 
that direct imaging repeatedly reveals planets at separations 
much larger than Jupiter’s also may indicate that the current 
relative dearth of planets at large separations could be due to 
selection biases but more complete observations are required 
to test this possibility. 

We should also note that iBeer et aTTI (120041) used only the 
planet with the largest velocity semi-amplitude in each ob¬ 
served system in their plots. However, they also performed 
the analysis with the most massive planet in each system and 
again with all the planets. They reported no difference in the 
significance of Jupiter as an outlier. In 2004, they found that 
Jupiter was at 2.3cr and half a sigma from its nearest neigh¬ 
bour. We find that Jupiter is not such an outlier as it was with 
the much smaller data set in 2004, and selection effects con¬ 
tinue to affect the distribution. This analysis should again be 
repeated once we have more reliable observations around the 
orbital radius of Jupiter. 

2.3. Inner Solar System 

Currently, our inner Solar System appears to be rather spe¬ 
cial compared to observations of exoplanet systems. The in¬ 
ner edge of our Solar System is at the orbit of Mercury at 
0.39 AU, while exoplanetary systems are observed to habor 
planets much closer to their star. We find that Mercury lies at 
0.78 cr above the mean, while the Earth is at 1.28 cr above the 
mean of the distribution of confirmed exoplanet semi-major 
axes (as shown in the left hand panel of Fig. [2]». When we in¬ 
clude all of the Kepler candidates (right hand panel of Fig.0, 
these increase to 0.98<x for Mercury and 1.57cr for the Earth. 
Thus, all of the planets in our Solar System have orbital semi¬ 
major axes that are larger than the mean observed in exoplan¬ 


etary systems. However, it is possible that this could be the 
result of selection effects as it is easier to find planets in this 
region, if they are there. In terms of the radial location of 
observed exoplanets, the lack of close-in planets in our So¬ 
lar System is the parameter that makes our Solar System most 
special. We should note though that if we use only the planets 
found by methods other than the transit, then Mercury is at 
—0.48cr and the Earth is at 0.16<x. Consequently it is difficult 
to say how significant this dis crepancy is. 

[Batygin & Laughllnl (1201 5l) suggested that the migration of 
Jupiter and Saturn into the terrestrial planet forming region of 
our Solar System (down to a « 1.5 AU) led to the depletion 
of mass in a < 0.39 AU. The planets are then thought to mi¬ 
grate outwards to their current location (see also lWalsh et al.l 
1201 l l). However, whatever the formation mechanism for the 
giant planets in our Solar System might have been, it is not 
thought to have been specific to our Solar System, and thus 
neither is a depleted inner Solar System. We discuss this point 
further in Section[4] 

2.4. Migration 

Finally in this Section, we note that migration of plan¬ 
ets through the protoplanetary disk or planet-planet inter¬ 
actions or secular interactions of a binary star could af¬ 
fect these distributions, especially that of the semi-major 
axes. For example, it may be theoretically impossible for 
Jupiter mass plan ets to form_at the radial l ocati on of hot- 
Jupiters (e.g. iBodenheimer. Hubickvj & Lissaueiif2000 ). In¬ 
stead, they are supposed to form outside of the snow line 
and migrate inwards through the protoplanetary disk be¬ 
fore the latter disperses (e.g. iGoldreich & TremaineHl98u) . 
Migration could also occur by the Kozai-Lidov mecha¬ 
nism increasing the eccentricity of the planet followed by 
tidal circularization (|K pzai|[1962t|Lidov|[1962l; |Wu_&Murrav| 

20031 iTakeda & Rasioll2005l : iNagasawa. Ida & Bessholl2008l : 

Perets & Fabrvckvl2009t) . Evidence obtained by the Rossiter- 

McLaughlin effect suggests that some fraction of the hot 
Jupiters may have been produced th r ough dynamical in¬ 
ter actio ns (see e.g. IWinn et alJ [20051: iLubow & Idal l20lot 
iTriaud et alJl201 Oil Albrecht et al. 120121) . Hot-Jupiter planets 
dominated the initial planet discoveries because they are large 
and close to their host star. However, we now know that they 
are quite rare and orbit only about one percent of solar type 
stars (e.g. [Wright et al.ll2012l) . 

Opinions vary on whether in the S olar System Jupiter has 
significantly migrated. On one hand iMorbidelli et al.l (120101) 
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Fig. 2.— Box-Cox transformed distribution of exoplanet semi-major axis. Left: Only including confirmed exoplanets. The total number of exoplanets is 1580. 
Right: Including all planet candidates. The total number of exoplanets is 5289. 
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Fig. 3.— Box-Cox transformed distribution of exoplanet semi-major axis 
not including planets found by the transit method. The total number of exo¬ 
planets is 473. 


suggested that Jupiter did not migrate mu ch from its forma¬ 
tion location, and on the other. iWalsh et alJ (1201 ll) proposed 
that the low mass of Mars could be explained by gas-d riven 
early migration of Jupiter. iBatvgin & LaughHnl {‘ 2015 1 fur¬ 
ther suggested that this formation process could explain the 
lack of objects in our inner Solar System. lArmitage et al.l 
d2002l) assumed that planets form constantly at a radius of 
5 AU and found theoretically that about 10 to 15% of systems 
will have a Jupiter mass planet that does not migrate signifi¬ 
cantly. However, this conclusion will be affected by the pres¬ 
ence ofa_deadzone(a_region_ofdie_disk with no turbulence, 
e.g. IClamrniell 1 9961: iMartin et~akll2012Jbh that may slow or 
halt migration altogether. Furthermore, the inner and outer 
edges of a dead zon e may act a s planet traps that stop migra¬ 
tion (e.g. lHasegawa & Pudritzll201 ll 120131) . Thus, the distri¬ 
bution of planet semi-major axes definitely does not represent 
the initial distribution at the time of planet formation. 

Given that Jupiter mass planets are thought to form in the 
vicinity of Jupiter’s current radial location, theory suggests 
that the radial location of Jupiter is not particularly special. 
The current observational bias towards planets that are close 
to their host star means that it is easier to find planets that 
have migrated inwards, rather than those that have not, or 
even those that may have migrated outwards. We expect in the 
future that with more complete observations of Jupiter mass 
planets at Jupiter’s radial location we will be able to constrain 
the migration mechanisms and uncover how special Jupiter 
really is for its small (net) distance of migration. 


3. PLANETARY PROPERTIES 

In this Section we consider how the masses and densities 
of the planets in our Solar System compare to those in ex¬ 
osolar systems. In this context, we discuss also the potential 
significance of the lack of a super-Earth in our Solar System. 

3.1. Planet Masses 

Fig. Q] shows the distribution of the approximate masses of 
the exoplanets that have been observed to dat43 The masses 
of the planets within our Solar System are shown with arrows 
at the top (but are not included in the data). The masses of the 
gas giants fit well with those of exosolar planets, but the ter¬ 
restrial planets are all on the low side. This is most likely due 
(at least partially) to the difficulty in finding low-mass plan¬ 
ets. The masses of the exoplanets are strongly biased towards 
high-mass and short-period planets. Kepler has shown us that 
small planets are very common but the mass measurement of 
small mass planets is difficult and thus currently they appear 
to be rare. 

There are two peaks in the data, the first of which is at 
a mass between that of the Earth and that of Uranus, at 
around 0.01 Mj, where Mj is the mass of Jupiter. Plan¬ 
ets with a mass in the range of 1 M® to 10 M® (where M® 
is the mass of the Earth)_are known as super-Earths (e.g. 
IValencia, Sasselov & O’Connelll [2007h . Our Solar System 
does not contain any super-Earths thus in that sense it issome- 
what unusual. We discuss this further in subsection [33] The 
second peak is around the mass of Jupiter. 

We fit the exoplanet mass data with a binormal probability 
density function (PDF) 

j (z-ft ) 2 lz-<Z2> 2 

P(z) dz °c —e "1 + — e "2 , (7) 

<xi cr 2 

where z — log 10 (m). With a Kolmogorov-Smirnov (KS) test 
we find the best fitting parameters to be /ri = -1.80, cr\ = 
0.28, u >2 = 0.69, n 2 = 0.12, cr 2 = 0.56 and we show the PDF 
as the solid line in Fig. [4] With this distribution, we find that 
Jupiter is very typical at only -0.26<x from the higher-mass 
peak, while Saturn is at — 1.3cr. The terrestrial planets are 
hard to compare because there are so few data points for those 

1 The masses for planets that have been observed by the Doppler method 
are M p sin i, where i is the orbital inclination. For directly imaged planets, 
the mass is predicted by theoretical models of the planets’ evolution. For the 
planets that have been observed by microlensing, it’s the ratio of the planet to 
star mass that is measured with accuracy. 
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Fig. 4. — Exoplanet mass distribution. The arrows show the masses of the 
planets in our Solar System. The vertical lines shows range of planets that are 
considered to be super-Earths, the lower limit is the mass of the Earth and 
the upper limit is the lower limit to the mass of a giant planet at 10 M®. The 
total number of exoplanets is 1516. 
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Fig. 5. — Densities of planets as a function of their mass. The blue circles 
show the exoplanets (total number of 287) and the red squares the planets in 
our Solar System. The vertical lines shows range of planets that are consid¬ 
ered to be super-Earths, the lower limit is the mass of the Earth and the upper 
limit is the lower limit to the mass of a giant planet at 10 M®. 

small masses. However, Neptune lies at 1.89cr and Uranus at 
1.57 <t from the lower-mass peak. 

Gas giants are thought to form outside of the snow line ra¬ 
dius in the protoplanetary disk where there is mo re solid mat e¬ 
rial available to form massive planets (e.g. [Pollack et al l 19961 : 
iMartin & Livioll20l2ll2013al) . The surface density of the pro¬ 
toplanetary disk decreases with increasing distance from the 
star and the timescale to form a planet increases with radius. 
Thus, lower mass gas giants could preferentially form farther 
away from the star. Low mass and large orbital radius planets 
are certainly harder to detect than those with higher mass and 
lower orbital radius. This can explain the lack of observed 
small mass planets, but also perhaps the dip in the observed 
distribution. For example, if Uranus and Neptune were around 
another star, at their large orbital radii, they would also be dif¬ 
ficult to detect. The only method that could currently detect 
them is direct imaging. However, the smallest mass planet 
that has been found with this method is Formau lha ut b that 
has an approximate mass of < 2Mj (ICurrie et al.ll2012t) . It 
therefore remains a possibility that the double peaked mass 
distribution is solely the result of selection effects. 

3.2. Planet Densities 

Fig. 0 shows the approximate densities of the observed 
planets as a function of their mass. The exoplanets are shown 
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in blue and the planets in our Solar System in red. While the 
lower mass exoplanets have a large range in their denshy for a 
given mass (see alsolWolfg ang & Laughlinl2012tlMar cv et al.1 


I2014al iHowe. Burrows & Vernel 12014 : iKnutson et all 120141k 
the giant planets show a clear correlation of increasing 
density with mass. Thus, the super-Earths may have a 
wide range of compositions ([Valencia, Sasselov & O’Connelll 
120071) . Despite the large spread in the data for the low 
mass planets, there appears to be a trend of decreasing den¬ 
sity with increasing mass. This could be attributed qualita¬ 
tively to the p eak in the theoretical radius against mass of a 
planet ( see e. g.lZapolskv & SaTn eterl 19~69lISeag er et al.ll2007i 

iFortnev, Marie v & Barnesll2007l:iMordasini et al. 112012l). 

More recently, it has been suggested that the super-Earths 
(with radii in the range 1 R ffi < R < 4 R@) show two 
trends separated by a critical planet radius. The smallest 
planets increase in density with radius while those that are 
larger decrease suggesting that the larger planets have a large 
amount of volatiles on a rocky core. There is some un¬ 
certainty over the value of the critic al radi us, as estimates 
range fr om about 1.5 R P , t o 2 Ri, JPeti gura. Marcv & H owardl 
(120131): iLo pez & Fortnevl (120 1 4f) : I Weiss & Marcy ~ij2014|) : 
iMarcv et ah (12014bl) . if it exists at all dMorton & Swifdl2014l) . 

The data suggest that the densities of the giant planets 
within our Solar System are very typical of those of observed 
exoplanets. The masses of the terrestrial planets in our Solar 
System are on the edge of our current sensitivity and thus it 
is hard to draw any conclusion s ab out their densities. How¬ 
ever, recentlv JDressing et al . (2015 1) found that the Earth (and 
Venus) can be modelled with the same ratio of iron to mag¬ 
nesium silicate as the low mass exoplanets observed and thus 
the Earth may not be special in this respect. 


3.3. Lack of a super-Earth 

It is interesting to examine whether our Solar System’s lack 
of a super-Earth is truly unusual. There have been several at¬ 
tempts to calculate an occurrence rate for super-Earths taking 
into account the selection biases. The results for RV obser¬ 
vations predict an occurren ce rate in the range 10 - 20 % in 
the period range / J h < 50 d ([Howard et al. 2010 : Mayor et al. 
1201 ll) . The transiting planet observations imply a range of 
occurrence rates that is at most as high as 50% in the pe- 
riod range Py, < 85 d dFressin et all 120131) . More recently 
iBurke et ahl (120 1 5l) examined the Kepler sample for planets 
with radii in the range 0.75 < R < 2.5 with orbital periods 
in the range 50 to 300 d and found an occurrence rate of 77%. 
Although these results include Earth-size planets and some of 
the periods are longer than that of Mercury, the occurrence 
rate increases with short orbital periods, making the existence 
of close-in planets more likely. The high occurrence rate of 
these types of planets offers perhaps the strongest argument 
against the Solar System being very common, but even that 
does not necessarily make it extremely rare. Typically, sys¬ 
tems that have an observed super-Earth, have more than one 
and this is theoretically expected if the_planets for m by merg¬ 
ers of inwardly migrating cores (e.g. iTerauem & Panaloizoul 
l2007tlCossou et al.il2014l) . 

It is possible that the presence of a super-Earth can af¬ 
fect terrestrial planet formation. Many of the super-Earths 
observed are at small radial loc ations, where theoretically 
they could not have formed (e.g . iRavmond & Cossoul 2014 
ISchlichtiruzl 120141) . Ilzidoro. Morbidelli & Ravmondl ( 20141) 
found that if a super-Earth migrates sufficiently slowly 
through the habitable zone (defined as the radial range of dis- 
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Fig. 6. — The average eccentricity in a planetary system vs the smallest 
planet semi-major axis. The size of the point is proportional to the number 
of planets in the system. The small blue points have 1 planet, the red points 
have 2 planets, the purple have 3, the green have 4, the orange have 5 and the 
Solar System with 8 is shown in the large blue point. The Solar System has 
an average eccentricity of 0.06 and Mercury, being the inner most planet, at 
039 AU. 

tances from the star at which a rocky planet can maintain liq¬ 
uid water on its surface) then any terrestrial planet that later 
forms there would be volatile-rich and not very Earth-like. 

In conclusion, the masses and densities of the planets of 
our Solar System appear to be very typical of those of ex¬ 
oplanets. However, the lack of a planet with a mass in the 
range 1 - 10 M@, a super-Earth, makes the Solar System ap¬ 
pear somewhat special. 

4. DISCUSSION 

Generally, the physical properties of the planets in our So¬ 
lar System are quite typical when compared to those of the 
observed exoplanets, although the lack of a super-Earth is 
unusual. The orbital properties, however, may be some¬ 
what special and perhaps more conducive to life. Low ec¬ 
centricity planets have a more stable temperature throughout 
the orbit and therefore may be more likely to hos t life (e.g. 
IWilliams & Pollardl2002l : fCiaidos & Williamsl2004l) . Further¬ 
more, planetary systems with a low average eccentricity are 
more likely to have long term dynamical stability. For exam¬ 
ple, the terrestrial planets in our Solar System are expected 
to be dynamically stable at least until the Sun be comes a red 
giant and engulfs the inner planets (e.g. iLaughlinll2009h . 

There are a few other factors that could, in principle at least, 
make our Solar System special with respect to the emergence 
of life. First we can consider the age. The current age of 
our Sun is about half the age of the disk of our Galaxy, and 
also half of the Sun’s total lifetime. Thus, we expect that 
roughly half of the stars in our Galaxy’s disk are older and 
half are younger than our Sun. This implies that the age 
of our Solar System is defi nitely not special. Furthermore, 
iBehroozi & Peeplesj (120151) considered the planet formation 
history of the Milky way and determined that our Solar Sys¬ 
tem formed close to the median epoch for giant planet for¬ 
mation. They also found that about 80% of the currently- 
existing Earth-like planets were already formed at the time 
of the Earth’s formation. We also note that the fact that the 
Solar System contains a single star does not make it particu¬ 
larly special, since the binary fraction in the Kepler sample, 
for example, is about 50% dHorch et al .112014l) . 

The presence of terrestrial planets in the habitable zone 


around their h ost star appears to be quite common. For ex¬ 
ample, |DressIng^&£haAonnea^|20l5!) examined the Kepler 
data for M dwarfs and found that for orbital periods shorter 
than 50 d, the occurrence rate of Earth-size planets in the hab¬ 
itable zone is around 18 - 27%. This conservative estimate 
could be as high as ~ 50% depending on how the habitable 
zone is defined. This is consistent with radial velocity sur¬ 
vey^ that find 0.41 potentially habitable planets per M dwarf 
(iBonfils et al .1120131) . Thus, an Earth-size planet in a habitable 
zone is not uncommon. 

A habitable planet may require a large moon which in tur n 
may require an asteroid collision (ICanup & Asphaugl12001 ). 
Thus, systems which contain an asteroid belt may be more 
conducive to initiating life. However, habitability may be sen - 
sitive to the size of the asteroid belt (iMartin & Liviolf2Q 13bl) . 
As we have noted in the Introduction, asteroid belt s co uld be 
a common feature of planetary systems (iChen et al.ll2014l) . 

The metallicity of a protoplanetary disk (and hence the 
host star) determines the structure of a planetary system that 
forms (e.g. lBuchhave et al.l2014l : IWang & Fischerl2015l) . The 
higher the metalli city of a star, the more giant planets that 
are observed (e .g.|Fischer & Valentil l2005bISousa et ahll201 It 

iGonzalezl 120141 iReft’ert et all 120151) . However, the correla¬ 

tion for lower mass planets is unclear dBuchhave et alJl2012t 
iMavor, Lovis & Santoslf20l4l) . Planets with radii less than 
four times that of the Earth are observed around stars with a 
wide range of metallicities. However, the averagejnetallkity 
of stars hosting small planets ( R p < 1.7/?®) in lBuchhave et all 
( 20141) is very close to solar. Although such planets can form 
at a wide range of metallicities, the fact that the average metal¬ 
licity of the small planets is solar may not be a coincidence. 
Thus, while the metallicity of our Solar System may not be 
especially promotive to the formation of a habitable planet, 
it’s unclear whether the Solar System is special or not in this 
respect. 

The variability of our Sun has been compared to the ac¬ 
tivity of stars i n the Kepler sample_with conflicting conclu¬ 
sions. iBasri et ahl (1201 Ol) and iBasri, Walkowicz & Reinersl 
(1201 3l) found that the Sun is rather typical with only a quarter 
to a third of stars in the Keple r samp le bein g mo re activ e than 
the Sun. On the other hand, iMcOuillan, Aigrain & Robertsl 
(120121) found the Sun to be relatively quiet with 60% of 
stars being more active. The difference in the conclusions 
stems from choices in defining the activity level of our 
Sun and tbejnclusion of stars with fainter magnitudes in 
IMcOuillan, Aigrain & Roberts (120121) . However, the studies 
agree that the active fraction of stars becomes larger for cooler 
stars. M dwarfs have a fraction of 90% that are more active 
than the Sun. Thus, compared to other Sun-like stars, our Sun 
could be typical, but compared to cooler stars, our Sun is cer¬ 
tainly quiet. 

In general, there are three aspects in which the Solar Sys¬ 
tem differs most from other observed multi-planet systems. 
First, the low mean eccentricity of the planets in the Solar 
System maybe somewhat special, although this may be ac¬ 
counted for by selection effects. Secondly, there is in the total 
lack of planets inside Mercury’s orbit. Massive planets mi¬ 
grating through the habitable zone can change the course of 
planet formation in that region. Overall, however, processes 
that could act to clear the inner part of the Solar Systems 
(such as giant planet migration), are believed to be operating 
within a non-negligible fra ction of the exoplanet systems (e.g. 
iBatvgin & Laughiinll2015l) . Third, the lack of super-Earths in 
our Solar System is somewhat special and could have allowed 
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the Earth to become habitable. A close-in super-Earth could 
also affect the dynamical stability of a terrestrial planet in the 
habitable zone and this should be investigated in future work. 

We consider the first two of these special parameters in 
more detail in Fig. [6] For planets with measured eccentricity, 
we plot the mean eccentricity of the planetary system and the 
semi-major axis of the innermost planet observed within the 
system. In this parameter space, the Solar System appears to 
be somewhat special, but far from being rare. Although, most 
of the systems with three or more planets, do have a planet 
with an orbital semi-major axis smaller than that of Mercury, 
this could be at least partly due to selection effects. The ob¬ 
served semi-major axis of the innermost planet may be close 
to complete but the number of planets in each system is cer¬ 
tainly not. If the innermost planet is very close in, then it 
is easier to detect the planets outside of its orbit. If on the 
other hand the innermost planet is farther out (e.g. some of 
the small blue and red points in Fig. 6) then additional planets 
will be difficult to find (see also discussion in Section [T2l i. 

There are many factors that may be required in order to 
form a habitable planet. When we multiply the probabilities 
for each together, we may end up with a small probability 
for such an event. However, since we currently do not know 
which factors are truly important for life to emerge, such an 
exercise does not make much sense. If we consider too many 
details, clearly the Solar System is special because all systems 
are different. However, at the moment we have not identified 
any parameter that makes the Solar System so significantly 
different that it would make it rare. 


5. CONCLUSIONS 

We find that the properties of the planets in our Solar Sys¬ 
tem are not so significantly special compared to those in ex¬ 
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osolar systems to make the Solar System extremely rare. The 
masses and densities are typical, although the lack of a super- 
Earth sized planet appears to be somewhat unusual. The or¬ 
bital locations of our planets seem to be somewhat special but 
this is most likely due to selection effects and the difficulty 
in finding planets with a small mass or large orbital period. 
The mean semi-major axis of observed exoplanets is smaller 
than the distance of Mercury to the Sun. The relative deple¬ 
tion in mass of the Solar System’s terrestrial region may be 
important. The eccentricities are relatively low compared to 
observed exoplanets, although the observations are biased to¬ 
wards finding high eccentricity planets. The low eccentricity, 
however, may be expected for multi-planet systems. Thus, 
the two characteristics of the Solar System that we find to be 
most special are the lack of super-Earths with orbital periods 
of days to months and the general lack of planets inside of the 
orbital radius of Mercury. 

From the perspective of habitability the Solar System does 
not appear to be particularly special. If exosolar life happens 
to be rare it would probably not be because of simple ba¬ 
sic physical parameters, but because of more subtle processes 
that are related to the emergence and evolution of life. Since 
at the moment we don’t know what those might be, we can al¬ 
low ourselves to be optimistic about the prospects of detecting 
exosolar life. We should make every possible effort to detect 
and characterise the atmospheres of a few dozen Earth-size 
planets in the habitable zone, in the coming two decades. 
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